Abstract. The aim of the present study was to investigate the role of the Hedgehog signaling pathway in the progression of metastatic clear cell renal cell carcinoma (m-ccRCC) as well as the molecular targets of sunitinib, an inhibitor of multiple tyrosine kinases. A total of 39 patients subjected to radical nephrectomy who were diagnosed with m-ccRCC and were subsequently treated with sunitinib were enrolled in the present study. The expression levels of the Hedgehog signaling proteins (GLI1, GLI2, cyclin D1, cyclin E and transforming growth factor-β) and major molecular targets of sunitinib [vascular endothelial growth factor receptor (VEGFR)-1 and -2, and platelet-derived growth factor receptor-α and -β] in primary RCC specimens were assessed by immunohistochemical staining. The expression levels of GLI2, VEGFR-1, VEGFR-2 and pre-treatment C-reactive protein as well as the Memorial Sloan-Kettering Cancer Center risk were identified as significant predictors of progression-free survival (PFS). Of these, only GLI2 expression was independently correlated to PFS according to multivariate analysis. Furthermore, treatment with sunitinib resulted in a marked inhibition of GLI2 expression in the parental human RCC ACHN cell line, but not in ACHN cells with acquired resistance to sunitinib. These findings suggested that GLI2 may be involved in the acquisition of resistance to sunitinib in RCC; thus, it may be useful to consider the expression levels of GLI2 in addition to conventional prognostic parameters when selecting m-ccRCC patients likely to benefit from treatment with sunitinib.
Introduction
Renal cell carcinoma (RCC) is highly resistant to conventional chemotherapeutic agents (1) . Previously, cytokine therapies were the only available treatment approach for patients with metastatic RCC (m-RCC); however, the efficacy of these treatments was low with a median overall survival of ~1 year (2) . Based on the increased knowledge of the molecular mechanisms involved in the progression of RCC, several types of novel molecular-targeted agents have been developed, and their introduction into clinical practice has resulted in a marked paradigm shift regarding therapeutic strategies for m-RCC (3) .
Of several molecular-targeted agents, sunitinib, an orally available inhibitor of multiple tyrosine kinases, exhibits one of the strongest antitumor activities against m-RCC (4). In preclinical experimental studies, sunitinib has been demonstrated to exert inhibitory effects on tumor cell proliferation and angiogenesis (5) . Furthermore, the significantly superior efficacy of sunitinib over interferon-α (IFN-α) as a first-line therapy for m-RCC has been demonstrated in a clinical setting, with a median progression-free survival (PFS) of 11 months, compared with 5 months compared for the IFN-α arm (6) . However, several limitations are associated with the use of sunitinib for patients with m-RCC, including the comparatively short interval of a durable response and the low proportion of patients showing a complete response (CR) (7) . In order to provide individualized risk-directed therapies for m-RCC patients, it is advantageous to identify novel markers predicting their susceptibility to sunitinib treatment.
To date, various model systems have been developed to predict the clinical course of m-RCC patients receiving molecular-targeted agents (8, 9) . However, it may be difficult to predict the prognosis of patients with m-RCC based on conventional clinicopathological parameters alone, since RCC has been characterized by unique biological features as well as heterogeneous genetic backgrounds (10) . Therefore, the present study evaluated the expression levels of multiple potential molecular markers involved in the Hedgehog signaling pathway, which has been demonstrated to have an important role in the progression of a large variety of malignant tumor types via the regulation of numerous target genes (11), in addition to major molecular targets of sunitinib, in radical nephrectomy specimens from a total of 39 consecutive metastatic clear cell RCC (m-ccRCC) patients treated with sunitinib by immunohistochemical staining, and analyzed their association with the outcome based on several conventional parameters.
Patients and methods
Patients. The present study included a total of 39 consecutive patients who underwent radical nephrectomy for ccRCC and were diagnosed with metastatic disease. These patients were subsequently treated with sunitinib as a first-line systemic therapy between April 2009 and March 2011 at Kobe University Hospital (Kobe, Japan). Informed consent was obtained from each patient prior to enrolment in the present study, and the study design was approved by the Research Ethics Committee of Kobe University Hospital.
Treatment with sunitinib. All the patients included in the present study initially received 50 mg sunitinib once daily in repeated 6-week cycles, consisting of 4 weeks of treatment followed by a break of 2 weeks. Sunitinib was continuously administered until disease progression or intolerable adverse events (AEs). In cases with treatment-associated AEs corresponding to grade ≥3, the dose of sunitinib was modified by initial dose reduction from 50 to 37.5 mg/day and subsequently to 25 mg/day.
Patient evaluation.
As baseline evaluations, the performance status (PS) was assessed and clinicopathological examinations were performed based on the Karnofsky PS scale (12) and the Union for International Cancer Control Tumor-Nodes-Metastasis classification system (13), respectively, while risk classification was performed using the Memorial Sloan-Kettering Cancer Center (MSKCC) (8) and Heng's risk classification systems (9) . Prior to the initiation of sunitinib treatment, radiological evaluations were performed for all patients by computed tomography (CT) of the brain, chest and abdomen as well as a radionuclide bone scan. In general, tumor measurements were repeated by CT at least every 12 weeks after the initiation of sunitinib treatment.
Immunohistochemical staining. Immunohistochemical staining of radical nephrectomy specimens was performed as previously described (14) . In brief, formaldehyde-fixed, paraffin-embedded tissue sections were deparaffinized, rehydrated and incubated with 5% normal blocking serum for 20 min at room temperature. The sections were incubated at 4˚C overnight with 1:100 diluted antibodies targeting human GLI1 or GLI2 rabbit polyclonal antibody (cat. nos. ab92611 and ab26056, respectively; both from Abcam, Cambridge, MA, USA), cyclin D1 rabbit polyclonal antibody (cat. no. 2922; Cell Signaling Technology, Inc., Danvers, MA, USA), cyclin E rabbit polyclonal antibody (cat. no. sc-481; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), transforming growth factor (TGF)-β rabbit polyclonal antibody (cat. no. ab66043; Abcam), vascular endothelial growth factor receptor-1 (VEGFR-1) rabbit polyclonal antibody (cat. no. ab2350; Epitomics, Burlingame, CA, USA), VEGFR-2 rabbit monoclonal antibody (cat. no. 9698; Cell Signaling Technology, Inc.), platelet-derived growth factor receptor-α (PDGFR-α) rabbit polyclonal antibody or PDGFR-β rabbit polyclonal antibody (cat. nos. sc-338 and sc-432, respectively; both from Santa Cruz Biotechnology, Inc.), followed by incubation with biotinylated immunoglobulin G (Vector Laboratories, Burlingame, CA, USA). After incubation in an avidin-biotin peroxidase complex for 30 min, the samples were exposed to diaminobenzidine tetrahydrochloride solution (Nacalai Tesque, Inc., Kyoto, Japan) and counterstained with methyl green (Wako Pure Chemical Industries, Ltd., Osaka, Japan).
Staining results were interpreted by two independent investigators blinded to the clinicopathological findings of the included patients. Discrepancies between results were resolved by joint review and/or consultation with a third investigator familiar with the immunohistochemical pathology. For each protein, the highest immunohistochemical staining intensity was visually scored in several fields of each section and classified as negative, weak, moderate or strong. According to previous studies, either moderate or strong staining intensity in >10% of tumor cells was classified as strong expression (15, 16) .
Western blot analysis. In our previous study, a human RCC cell line resistant to sunitinib (ACHN/R) was generated by culturing parental ACHN cells (ACHN/P) in the presence of sunitinib at serially increased doses (17) . ACHN/P and ACHN/R cells cultured for 24 h in either standard medium or medium containing 5 µM sunitinib were lysed and equal amounts of protein (25 µg) measured by the Bradford protein assay from lysates were subjected to 10% of sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto a nitrocellulose membrane. The membrane was then incubated at 4˚C overnight with 1:1,000 diluted antibodies against GLI2 (Abcam) and 1:5,000 diluted β-actin (Santa Cruz Biotechnology, Inc.), and further incubated for 30 min with horseradish peroxide-conjugated secondary antibodies (Santa Cruz Biotechnology, Inc.). Specific proteins were detected using an enhanced chemiluminescence Western blot analysis system (GE Healthcare, Little Chalfont, UK).
Statistical analysis. All statistical analyses were performed using Statview 5.0 software (Abacus Concepts, Inc., Berkeley, CA, USA). P<0.05 was considered to indicate a statistically significant difference. PFS rates were calculated using the Kaplan-Meier method and differences were determined by the log-rank test. The Cox proportional hazards regression model was used to assess the prognostic significance of certain factors.
Results
Patient response to sunitinib. The clinicopathological characteristics and outcomes of the 39 m-ccRCC patients included in the present study and the expression of various molecular markers in their resected primary tumors are listed in Table I . Treatment with sunitinib achieved a CR in 1 patient, while 5 patients showed a partial response, 23 had stable disease and 10 had progressive disease. The overall response rate to sunitinib was 16.7% and the median duration of the objective response in the 6 responders was 9.4 months.
GLI2 is an independent predictor of PFS. During the follow-up period of 15.1 months from the initiation of sunitinib treatment, 26 patients (66.7%) showed disease progression and the median duration of PFS was 13.2 months. As shown in Fig. 1 , the 1-and 2-year PFS rates were 55.5 and 31.0%, respectively. To identify parameters associated with PFS in m-ccRCC patients treated with sunitinib, uni-and multivariate analyses were performed using the Cox proportional hazard regression model. Of the 9 molecular markers analyzed in the present study, the expression levels of GLI2, VEGFR1 and VEGFR2 were identified as significant predictors of PFS by univariate analysis (Table II) . In Fig. 2 , the PFS curves according to the expression status of GLI2, VEGFR1 and VEGFR2 are presented in addition to the representative immunohistochemical images for the expression levels of these molecular markers. In addition to these molecular markers, the MSKCC and baseline C-reactive protein (CRP) levels were also significantly correlated with PFS among several conventional factors examined. Furthermore, multivariate analysis of these 5 significant predictors of PFS on univariate analysis revealed that only the expression status of GLI2 was independently correlated with the other factors included (Table II) .
GLI2 expression is involved in the resistance of RCC to sunitinib in vitro.
To further characterize the significance of GLI2 expression in RCC tissues with regard to the efficacy of sunitinib, changes in GLI2 expression in ACHN/P and ACHN/R cells cultured in the absence or presence of sunitinib were examined. As shown in Fig. 3 , despite the lack of a significant difference in GLI2 expression between ACHN/P and ACHN/R in the absence of sunitinib, administration of sunitinib resulted in a marked downregulation of GLI2 in ACHN/P, but not in ACHN/R. 
Discussion
Due to the results of a pivotal randomized phase-III clinical trial (6), sunitinib is currently used as standard first-line treatment of m-ccRCC. Furthermore, Gore et al (18) previously reported the acceptable efficacy and safety profiles of sunitinib in a global expanded-access trial of patients with m-RCC. Our recent retrospective study comprehensively evaluated the clinical outcomes in a total of 110 Japanese patients who received sunitinib as a first-line therapy for m-RCC and reported encouraging findings with respect to cancer control as well as tolerability in a clinical setting (19) . However, the use of sunitinib has several limitations. Therefore, the patients with m-RCC who are likely to respond to sunitinib treatment should be selected prior to its administration. To date, various studies have indicated the efficiency of several types of biomarker to assess the prognosis of patients with m-RCC treated with sunitinib (20) . Our previous study reported that an imbalance between the serum levels of matrix metalloproteinase-9 and tissue expression levels of inhibitors of matrix metalloproteinase-2 levels may serve as a novel biomarker to predict the disease progression in patients with m-RCC undergoing treatment with sunitinib (21) . However, to date, no such markers have been introduced into clinical practice. A number of studies have suggested the important role of the molecules associated with the Hedgehog signaling pathway in the progression of a wide variety of malignant tumor types, including RCC (11, (22) (23) (24) . For example, Dormoy et al (22) reported that inactivation of the Hedgehog pathway by a specific inhibitor, cyclopamine, induced the regression of ccRCC tumors in nude mice through the inhibition of tumor cell proliferation and neo-vascularization. Furthermore, D'Amato et al (23) showed the involvement of Hedgehog signaling in the resistance of RCC cells to molecular-targeted agents, including sunitinib. Considering these findings, the present study evaluated the expression levels of Hedgehog signaling-related proteins in addition to major molecular targets of sunitinib in primary tumor specimens in order to identify prognostic factors that are significantly correlated with the outcome for patients with m-ccRCC treated by sunitinib.
In the present study, a total of 39 patients with m-ccRCC who underwent radical nephrectomy and subsequently received sunitinib as a first-line systemic therapy were included. All 9 molecular markers examined were detectable by immunohistochemical staining in the majority of primary ccRCC tissues. Of these, only GLI2, VEGFR1 and VEGFR2 were identified as significant predictors of PFS on univariate analysis. Several previous studies reported the significance of VEGFR and its associated proteins as biomarkers in RCC patients treated with sunitinib (25, 26) . For instance, Deprimo et al (25) reported that changes in plasma VEGF and VEGFR levels in patients showing an objective response to sunitinib were greater compared with those in patients with stable disease or disease progression (25) . To the best of our knowledge, the Table II . Uni-and multivariate analyses of the association between various parameters with progression-free survival.
Univariate analysis Multivariate analysis -----------------------------------------------------------------------------------------------------Hazard ratio
Hazard ratio Parameter (95% CI) P-value (95% CI) P-value present study was the first to report the prognostic value of a Hedgehog signaling-related protein (GLI2) in m-ccRCC patients receiving sunitinib. In addition to the 3 molecular markers, the MSKCC and baseline CRP levels were also significantly correlated with PFS on univariate analysis. Multivariate analysis of these 5 parameters compared with the outcome of the 39 m-ccRCC patients revealed a significant correlation between the expression levels of GLI2 and PFS, indicating the independent prognostic value of GLI2. GLI2 was initially regarded as having essential functions as an effector of the Hedgehog signaling pathway, while a number of studies have demonstrated the ubiquitous induction of GLI2 by TGF-β, resulting in the enhanced development of solid tumors (27) (28) (29) . For instance, the overexpression of GLI2 in mouse skin using keratin 5 promoter was shown to be sufficient to initiate basal cell carcinomas (28) , whereas GLI2 knockdown in prostate cancer cells delayed the growth of xenograft tumors and enhanced their sensitivity to chemotherapeutic agents (29) . However, the current knowledge on the effect of GLI2 expression on the phenotype of RCC remains limited and the results of the present study should be confirmed in another cohort with a prospective setting.
It is of interest to investigate whether GLI2 expression in RCC cells mediates the acquisition of a resistant phenotype to sunitinib. Several previous studies have assessed the mechanisms underlying the acquired resistance of RCC cells to sunitinib (17, 30, 31) . In the present study GLI2 expression was maintained in sunitinib-resistant cells, but was decreased in parental cells following culture in the presence of sunitinib. This finding suggested the possible involvement of GLI2 expression in the resistance of RCC cells to sunitinib. Further experiments are required to determine the precise mechanism of the acquired resistance involving GLI2 regulation in RCC cells. Taken together, it may be worthwhile examining the role of additional treatment with an agent capable of inactivating GLI2, such as NVP-LDE225 (23) , to overcome resistance to sunitinib in RCC patients.
Of note, the present study had certain limitations. First, it was a retrospective study and the cohort of 39 consecutive patients with m-ccRCC treated with sunitinib was not of sufficient size to draw definitive conclusions, particularly regarding their prognosis. Furthermore, the expression levels of the molecular markers was assessed in radical nephrectomy specimens only; however, it may have been suitable to also examine their expression in metastatic tissues to obtain results more closely reflecting the clinical outcomes. Finally, the present study focused on only 9 selected molecules as potential biomarkers for predicting the response of m-ccRCC to sunitinib; however, other molecules more significantly correlated with the prognosis of m-ccRCC patients receiving sunitinib may exist.
In conclusion, by simultaneous evaluation of several clinicopathological parameters along with expression levels of multiple Hedgehog signaling-related proteins as well as major molecular targets of sunitinib, only GLI2 expression was identified as an independent factor associated with PFS in m-ccRCC patients treated with sunitinib. Therefore, assessment of the expression levels of GLI2 in resected primary tumors in addition to conventional prognostic factors may aid in the careful selection of patients with m-ccRCC who are most likely to benefit from sunitinib treatment.
